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supported by the bulky chelating silyl(bisamido) ligand {Ph2Si(NAr*)2} 2− (Ar* = 2,6-iPr2-C6H3) towards Quinoxaline (Qx), the ability of this bimetallic system to effectively promote SET processes has been disclosed. Thus 1 executes the single-electron reduction of Qx affording complex [Na(THF)6] + 2[{Ph2Si(NAr*2)}2Mg2(Qx )2] 2− (2) whose structure in the solid state contains two quinaxolyl radical anions Qx stabilised within a dimeric magnesiate framework. Combining multinuclear NMR and EPR measurements with DFT calculations, new insights into the constitution of 2 in solution and its magnetic behaviour have been gained. Further evidence on the SET reactivity of 1 was found when it was reacted with nitroxyl radical TEMPO which furnished contacted ion pair sodium magnesiate [(Ph2Si(NAr*)2)Mg(TEMPO -)Na(THF)3] (4) where both metals are connected by an alkoxide bridge, resulting from reduction of TEMPO. The role that the different ligands present in 1 can play in these new SET reactions has also been assessed. Using an amination approach, the Bu group in 1 can be replaced by the more basic amide TMP allowing the isolation of [Na(THF)6]
Introduction
Pioneered by Wittig in 1951, 1 alkali-metal magnesiates have evolved from mere curiosities to a new family of versatile organometallic reagents which finds widespread applications in organic synthesis. 2 Operating in a synergistic manner, these bimetallic systems can offer superior chemo-and regioselectivities and/or functional group tolerances to those of their monometallic counterparts. 3 Most of the reactivity studies have focused on using these reagents as metalating reagents (via Mg-H or Mg-X exchange processes) 4 as well as anionic transfer agents to unsaturated organic molecules. Alkali-metal magnesiates are usually prepared in situ. However, recent structural and spectroscopic studies on organometallic intermediates prior to electrophilic interception have provided extremely valuable information that has greatly contributed towards rationalising the special behaviour of these bimetallic systems. 6 This has been nicely illustrated by Mulvey and O'Hara who recently reported the first examples of directed ortho-meta and meta-meta' dimetalations of substituted arenes where the supramolecular structure of the magnesiate base templates the regioselectivity of the Mg-H exchange process. 7 Recently we have become interested in the reactivity of sodium magnesiates that are supported by the highly sterically demanding silyl-bis(amide) {Ph 2 Si(NAr*) 2 } 2-containing bulky 2,6-diisopropylphenyl side-arms (Ar*). 8 Probing the reactivity of these bimetallic systems towards 1,3 benzoazoles we have found that at room temperature selective C2-magnesiation of N-methylbenzimidazole can be selectively accomplished. 9 Contrastingly, when reacted with benzothiazole a remarkable cascade activation process is initiated, involving a sequence of C-H metalation, C-C coupling, ring-opening and nucleophilic addition reactions, leading to the isolation of intricate molecular assemblies.
Building on these initial findings, herein we extend our reactivity studies towards diazines, another fundamental family of N-heterocyclic molecules using Quinoxaline (Qx) as a case study. Substituted diazines are frequently present in natural products, biologically active molecules, pharmaceuticals and materials. 9 The selective functionalisation of these π-deficient aza-heterocycles via metalation approaches using polar organometallic bases such as organolithiums or lithium amides can be particularly challenging, 12 since side reactions such as nucleophilic additions and dimerisations can hardly be avoided, affording in many cases complicated mixtures of products. 13, 14 Contrastingly, using lithium magnesiate (TMP) 2 Mg.2LiCl (TMP= 2,2,6,6, tetramethylpiperidide) in the presence of ZnCl 2 , Knochel has elegantly demonstrated that diazines, including Qx, can be regioselectively deprotonated in excellent yields. 15, 16 Intrigued by these precedents and aiming to advance the understanding of ligand effects in mixed-metal chemistry, here we provide a systematic study of the reactivity of 2− (2) as a THF disolvate in 55% yield (Scheme 1). X-ray crystallographic studies of 2 revealed that no metalation of Qx has occurred (all H atoms of the anion including Qx rings could be located in difference maps). Instead 1 has reacted as a SET reagent, performing a one-electron reduction on a Quinoxaline molecule with the concomitant conversion of its butyl anion to Bu radical which can be envisaged to dimerise to form octane. 18 Indeed using DFT calculations, the conversion of magnesiate 1 and Qx to give 2 and 0.5 equivalents of octane was found to be exergonic by 16.1 kcal mol -1 (see ESI for details). Figure 2 Alternative view of the structure of the anion of 2 (perpendicular to the mean plane of the atoms N1, N2, C1-C8) with displacement ellipsoids at the 50% probability level and hydrogen atoms omitted for clarity.
The good solubility of 2 in deuterated THF enabled its characterisation by 1 showed a single signal which can be satisfactorily simulated assuming S= 1/2 with an isotropic g value of 2.0 and a Lorenz line width of 1 mT. No hyperfine coupling to the N and H atoms was observed which differs from previous EPR studies on electrochemically generated non-coordinated quinaxolyl radical anions.
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Figure 3. EPR spectrum of 2 in THF at 105K
Interestingly, contrasting with these solution studies, variable temperature susceptibility measurements (from 2 to 300K) on solid samples of 2 revealed no paramagnetic behaviour, which suggests that the structure of this magnesiate in THF solutions must be different from that found in the solid state. For the latter scenario, the lack of paramagnetism can be attributed to a very strong antiferromagnetic coupling between the Quinoxaline radicals via π-π stacking interactions which is consistent with the short distance found between the two N atoms of the two rings (2.825 Å) in the dimeric structure of the dianion of 2 (vide supra). (Fig. 4) .
Furthermore, by modelling the structure of 2, it was found that in agreement with the lack of paramagnetism observed experimentally, the singlet state model 2A is 4.9 kcal mol -1 more stable than that computed for 2B with a triplet state configuration for the Qx radicals. The formation of 2, as the result of the one electron reduction of Qx executed by sodium magnesiate 1 is truly surprising, since this bimetallic reagent has already shown its potential to act as a selective magnesiating reagent employing not only its butyl group but also its two basic NHAr* amido arms. Please do not adjust margins ability to act as reducing agents towards aromatic ketones, although these reactions seem to be facilitated by the redox versatility of the dpp-BIAN ligand which can form stable adducts with Mg either as a dianion or as a radical monoanion. 24 A much closer precedent to the reactivity described here for 1 has been reported for the heteroleptic sodium zincate [(TMEDA)NaZn(TMP)tBu 2 ] which facilitates the coupling of two chalcone molecules through their benzylic C positions via a SET process involving one tBu group attached to Zn. 25 Although we are not aware of any previous examples of structurally defined Mg complexes resulting from the reduction of Quinoxaline, it should be noted that Diaconescu has reported the double reduction of this N-heterocyclic molecule using a low-valent diuranium μ-η 6 ,η 6 -toluene complex which allows the isolation of a novel tetranuclear molecular quadrangle, with U(IV) vertices and reduced Quinoxaline as edges. Structural and reactivity studies on the Turbo Hauser base (TMP)MgCl.LiCl have hinted at the basic activation of the TMP group when coordinated terminally to Mg. 28, 29 This has been attributed to the fact that only one Mg-N bond needs to be broken to release the active base. 28 Interestingly, when 3 was treated at room temperature with Qx, a colour change of the solution from light yellow to dark blue similar to that described before in the formation of 2 is observed. Furthermore, 1 H NMR monitoring of the reaction showed a 52% of 3 to complex 2 after 72 hours (see Figure S20 , ESI) without observing any evidence of a competing metalation process of Qx taking place. Although this reactivity pattern is quite unexpected, considering the relative acidity of the H-atoms in Qx , 30 O'Hara has recently demonstrated the ability of TMP anions to be involved in SET processes, by structurally defining the product of the reaction of radical 2,2,6,6-tetramethylpiperidinyloxy (TEMPO) with a TMP-sodium zincate.
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Reactivity studies: SET to TEMPO and assessing the role of the supporting ligand {Ph 2 Si(NAr*) 2 }
2-
Further evidence on the SET reactivity of 1 was found when it was treated with the stable nitroxyl radical TEMPO. Finding widespread applications in radical chemistry, 31 A key aspect of this reaction is the reduction of TEMPO to its anionic form by complex 1 with the subsequent Bu radical coupling to form octane. 18 Interestingly, reflecting the ability of TEMPO to act as a radical trapping reagent, 36 when Qx is treated with sodium magnesiate 1 in the presence of one molar equivalent of this nitroxyl radical, the formation of 2 is totally inhibited, affording instead 4 in almost quantitative yield (as evidenced by monitoring the reaction using 1 H NMR spectroscopy). The molecular structure of 4 revealed a contacted ion pair (CIP) bimetallic motif where the two metals are connected by a TEMPO anion, which coordinates in an asymmetric fashion, using its N and O atoms ( Figure 6 ). Thus while Mg experiences N-O chelation, the Na centre interacts only with the O of the TEMPO anion. By comparing the M-O(TEMPO) and N-O bond distances in 4 [1.938(3), 2.237(3) and 1.467(4) Å for Mg-O1, Na-O1 and N3-O1 respectively] with those reported in related complexes of these metals containing µ 2 -TEMPO anions, 32, 33, 35 it is clear that the ligand present in 4 is anionic as it must be for valency considerations. 37 Scheme 4 (i) Reaction of sodium magnesiate 5 with Quinoxaline (Qx), (ii) hydrolysis under aerobic conditions, and (iii) molecular structure of reduced product 7b with displacement ellipsoids shown at the 30% probability level.
The clearly contrasting behaviours of these related sodium magnesiates towards Qx point out that the SET reactivity exhibited by sodium magnesiates 1 and 3 must be favoured to a certain extent by the presence of the sterically demanding dianionic ligand {{Ph 2 Si(NAr*) 2 } 2− . Previous studies have shown that far from being a mere spectator this ligand can be directly involved in the metalation of substrates such as benzothiazole 10 or pyrrole using one or two of its basic amido arms. 9 However, here, it seems to be acting as a stabilising support, providing steric shelter to the newly generated Qx radical anions ( Figure S2 in ESI file for a space filling model diagram).
Conclusions
Through the isolation and characterisation of novel sodium magnesiates 2 and 4 resulting from the one electron reduction of Quinoxaline (Qx) and TEMPO respectively, new insights into the ability of this important family of mixed-metal reagents to promote SET processes have been gained. For 2, reactivity and theoretical studies have revealed the key role of the supporting ligand {Ph 2 Si(NAr*) 2 } 2-on the mixed-metal reagent in order to stabilise and trap the Qx radical anions formed during the reaction. Thus, contrasting with previous reactivity studies in magnesiate chemistry, even when TMP-magnesiate 3, which combines this silyl-bis(amido) ligand with a kinetically activated basic amido group, is employed the reduction of Qx occurs preferentially over its deprotonation. Contrastingly, using homoalkyl sodium magnesiate 5, switches off the SET reactivity, promoting instead the chemoselective C2 alkylation of this heterocycle.
